Effect of in-situ deposition of Mg adatoms on spin relaxation in
  graphene by Swartz, Adrian G. et al.
Effect of in-situ deposition of Mg adatoms on spin relaxation in graphene
Adrian G. Swartz, Jen-Ru Chen, Kathleen M. McCreary, Patrick M. Odenthal, Wei Han, and Roland K. Kawakami∗
Department of Physics and Astronomy, University of California, Riverside CA 92521
(Dated: November 28, 2018)
We have systematically introduced charged impurity scatterers in the form of Mg adsorbates to
exfoliated single layer graphene and observe little variation of the spin relaxation times despite pro-
nounced changes in the charge transport behavior. All measurements are performed on non-local
graphene tunneling spin valves exposed in-situ to Mg adatoms, thus systematically introducing
atomic-scale charged impurity scattering. While charge transport properties exhibit decreased mo-
bility and decreased momentum scattering times, the observed spin lifetimes are not significantly
affected indicating that charged impurity scattering is inconsequential in the present regime of spin
relaxation times (∼1 ns).
Graphene’s gate tunable transport, tabletop relativis-
tic physics, chemical attributes, and mechanical prop-
erties have interested researchers in a wide variety of
fields.1–4 In particular, graphene is a candidate material
for spintronics due to its weak hyperfine coupling and
low intrinsic spin-orbit (SO) coupling strength (∆SO),
5–8
which should theoretically lead to long spin lifetimes.
Beyond scientific interest, recent progress in large area
production by chemical vapor deposition9,10 combined
with significant advances in efficient spin injection by im-
proved tunneling contacts11,12 has greatly improved the
potential for advanced information processing utilizing
spin-based logic.13 In particular, the introduction of effi-
cient tunneling contacts has increased the observed spin
lifetime by an order of magnitude (to a few ns in exfoli-
ated graphene) by lengthening the escape time due to the
backflow of electrons into the ferromagnetic leads.11,14,15
While graphene remains a highly promising candidate for
carbon based spintronics, the observed spin lifetimes are
still well below the theoretical expectations and the na-
ture of spin relaxation remains an open question.
In graphene, two possible spin relaxation mechanisms
are discussed in the literature:14–24 the Elliot-Yafet (EY)
mechanism, for which the spin relaxation time (τs) is
proportional to the momentum scattering time (τp), and
the D’yakonov-Perel (DP) mechanism, for which τs ∝
1/τp. Complicating the situation are the many possi-
ble sources of spin relaxation in experiments on SiO2
substrate including charged impurity (CI) scatterers,16,17
Rashba SO coupling due toadatoms,18,19,25 ripples,20,21
and edge effects.17,23 Early experiments on spin trans-
port in exfoliated graphene were able to take advan-
tage of the tunable carrier concentration (n) and ob-
serve a linear relationship between τs and τp, thus sug-
gesting EY.15,22 However, recent theoretical studies have
shown that DP is expected to dominate over EY21,24
and that Elliot’s approach applied to graphene17 predicts
τs = (F )
2τp/(∆SO)
2, for which both Fermi energy F
and τp depend on carrier concentration, thus highlight-
ing the need for experiments that can tune τp at fixed
n.
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In this work we systematically introduce CI scatter-
ers on non-local single-layer graphene (SLG) spin valves
with high quality tunneling contacts. The experiment
takes place in an ultra-high vacuum (UHV) deposition
chamber with in-situ measurement capability at cryo-
genic temperatures. All measurements and doping are
performed in the same chamber at T=12 K and the sam-
ple is never exposed to air. We choose Mg adsorbates as
the CI scatterer since elements with low atomic weight
should introduce minimal SO coupling. This substan-
tially improves on earlier doping studies that utilized
heavy atoms (Au) and ohmic contacts for shorter spin
lifetimes(τs ∼ 100 ps)26, which are dominated by contact
induced spin relaxation.11 We find that doping with Mg
causes large shifts in the charge neutrality point (CNP),
indicating significant charge transfer to the graphene
layer, accompanied by increased momentum scattering.
Spin transport measurements, however, indicate minimal
effect on the spin relaxation, despite pronounced changes
in charge transport. These results indicate that CI scat-
tering is not an important source of spin relaxation in
SLG in the current regime of spin lifetimes of ∼1 ns.
Graphene flakes are obtained by mechanical exfoliation
of HOPG (SPI, ZYA) onto 300 nm SiO2/Si. SLG flakes
are identified under an optical microscope and confirmed
by Raman spectroscopy. The graphene flakes are electri-
cally contacted using standard bilayer (PMMA/MMA)
e-beam lithography and lift-off procedures. First, outer
Au/Ti electrodes (60 nm/8 nm) are defined and de-
posited by e-beam evaporation to serve as spin insen-
sitive reference contacts. The sample is then annealed
for 3 hours in UHV at 150◦C immediately prior to the
second lithography step, which defines the inner ferro-
magnetic electrodes. Angle evaporation is utilized to de-
posit sub-monolayer TiO2, which serves as a diffusion
barrier for the 0.9 nm MgO tunnel barrier, and 80 nm
Co. These tunneling contacts are deposited in a molecu-
lar beam epitaxy (MBE) chamber with base pressure of
1 × 10−10 torr. The electrodes are then capped with 5
nm Al2O3. A detailed description for the fabrication of
tunneling contacts is described elsewhere.15
Charge and spin transport measurements at T=12 K
are performed on non-local devices as shown in Fig. 1a.
The gate dependent resistivity of pristine SLG (sam-
ple A) is shown in Fig. 1b with maximum resistivity at
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FIG. 1. (a), Device schematic of the non-local spin valve
geometry with inner Co electrodes (blue) and outer Au elec-
trodes (yellow). (b) Gate dependent resistivity for sample
A at T = 12 K. (c) RNL for pristine SLG at VG = 0 V.
(d) Hanle spin precession data in parallel (black) and anti-
parallel (red/grey) configuration between electrodes B and C
for pristine SLG at VG = 0 V. A constant spin-independent
background has been subtracted.
the charge neutrality point, VCNP = −20 V. The mo-
bility is calculated by taking the slope of the conduc-
tivity (µ = ∆σ/e∆n) where the carrier concentration,
n (positive for holes), is determined using the relation
n = −α(VG − VCNP ) and α = 7.2 × 1010 V−1cm−2 for
300 nm SiO2 gate dielectric. The resulting electron and
hole mobilities are µe = 1774 cm
2/Vs and µh = 1508
cm2/Vs, respectively. For spin transport measurements,
an AC current, INL = 1 µA (11 Hz), is applied to inject
spin-polarized carriers into SLG at electrode B. This spin
polarization diffuses through the graphene channel along
the x-axis to electrode C. A non-local voltage, VNL, is
detected using standard lock-in techniques between elec-
trodes C and D due to the accumulation of spins be-
neath electrode C. The detected voltage, VNL, is propor-
tional to the spin-dependent chemical potential difference
between electrodes C and D.8 The non-local resistance,
RNL = VNL/INL, depends on the relative orientation
of the two inner ferromagnetic electrodes and is posi-
tive (negative) for parallel (antiparallel) alignment. An
external magnetic field, Bapp,y, is applied along the elec-
trode easy axis (y-axis) and is used to control the relative
alignment of the magnetic electrodes. A typical sweep of
Bapp,y for sample A at VG = 0 V (n = −1.44 × 1012
cm−2) is shown in Figure 1c, for which the spin signal
∆RNL = R
P
NL − RAPNL is 50.5 Ω. The dimensions of the
graphene spin channel for sample A are defined by the
channel length L = 2.2 µm and width w = 2.4 µm. The
spin lifetime can be determined from Hanle spin preces-
sion measurements in which a magnetic field, Bapp,z, is
applied out of plane allowing the injected spins to precess
around Bapp,z. At large fields, the ensemble spin popula-
tion dephases as Bapp,z is increased due to a distribution
of arrival times at electrode C. In the tunneling limit,
the ensemble spin precession can be fit using the Hanle
equation,8,15
RNL ∝
∫ ∞
0
e−L
2/4Dt
√
4piDt
cos
(
gµBBapp,z
~
t
)
e−t/τsdt (1)
where D is the diffusion coefficient, g is the electron
g-factor, µB is the Bohr magneton, and ~ is the re-
duced Planck’s constant. Figure 1d shows characteristic
Hanle curves for parallel and antiparallel alignment for
n = −1.44×1012 cm−2, where best fits to the Hanle equa-
tion yield the diffusion coefficient D = 0.058 m2/s, spin
lifetime τs = 1.10 ns, and spin diffusion length λs = 8.0
µm.
Next, Mg adsorbates are deposited in-situ in the UHV
MBE chamber with base pressure 3×10−10 torr while the
sample is maintained at T=12 K. Elemental Mg (99.99%)
is evaporated from an effusion cell at a rate of 0.055
A˚/min calibrated by a quartz crystal monitor and corre-
sponds to a doping rate of 0.02% of a monolayer (ML) per
second, where 1 ML is defined as 1.908×1015 atoms/cm2.
After 1 s Mg deposition, the charge and spin transport
are re-measured. Figure 2 summarizes the effect on the
charge transport on sample A following Mg doping. Fig-
ure 2a shows conductivity σ vs. VG for Mg doping of
sample A up to 7 s deposition time. After 7 s of Mg dop-
ing, VCNP has shifted to VG = −70 V. This indicates that
Mg donates electrons to the graphene, consistent with re-
ports on transition metals and potassium.27–30 Figure 2b
displays VCNP for each doping time and demonstrates a
linear relation between charge transfer and Mg coverage
at a rate of −1438 V/ML. Also, Mg doping introduces
CI scattering which decreases the conductivity and the
mobility. Figure 2c displays the effect of systematic Mg
doping on the electron and hole mobilities. For undoped
graphene, the mobility is µe = 1774 cm
2/Vs and and
µh = 1508 cm
2/Vs, and decreases to µe = 599 cm
2/Vs
and µh = 453cm
2/Vs after 7 s deposition time. The mo-
mentum scattering time can be determined using Boltz-
mann transport theory,31
τp =
hσ
e2vF
√
npigsgv
(2)
where h is Planck’s constant, e is the electron charge,
vF ∼ 1 × 106 m/s is the Fermi velocity, and ge = 2 and
gv = 2 are the spin and valley degeneracies. Fig. 2d
shows τp vs. Mg doping for electrons and holes at n =
±1.44 × 1012 cm−2. With increasing Mg coverage, the
momentum scattering time decreases due to increased
CI scattering. Lastly, we investigate the nature of Mg
morphology on the graphene surface. Figure 2e shows
the shift in Dirac point plotted against 1/µavg − 1/µ0,
where µavg is the average of the electron and hole mo-
bilities and µ0 is the average electron and hole mobility
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Fig. 2. (a) Gate dependent conductivity as the SLG (sample A) is systematically doped up to 7 s 
with Mg adsorbates at T=12 K. (b) Charge neutrality point (CNP) plotted against the Mg doping 
time. (c) Electron (red/grey) and hole (black) mobility as a function of Mg coverage. (d) 
Calculated momentum scattering time for electrons (red/grey) and holes (black) as a function of 
Mg coverage. (e) Shift in the charge neutrality point, -ΔVCNP , vs. 1/µavg-1/µ0, where µavg is the 
anverage of the electron and hole mobilities at each Mg doping and µ0 is the average of the 
electron and hole mobility for the pristine sample before Mg doping. The dashed line corresponds 
to the power law fit -ΔVCNP = (1/µavg-1/µ0)b, with best fit b=0.72. All data shown corresponds to 
sample A. 
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FIG. 2. (a) Gate dependent conductivity as the SLG (sa ple
A) is systematically doped up to 7 s with Mg adsorbates at
T=12 K. (b) Charge neutrality point (CNP) plotted against
the Mg doping time. (c) Electron (red/grey) and hole (black)
mobility as a function of Mg coverage. (d) Calculated mo-
mentum scattering time for electrons (red/grey) and holes
(black) as a function of Mg coverage. (e) Shift in the charge
neutrality point, −∆VCNP , plotted against the change in in-
verse mobility. The dashed line is a power law fit (best fit
exponent b = 0.72).
for pristine graphene. The dashed line is a power law
fit of −∆VCNP ∝ (1/µavg − 1/µ0)b, for which values
of 1.2 < b < 1.3 indicates a 1/r scattering potential for
point-like scatterers.28–30,32 The best fit value of b = 0.72
suggests the possibility of clustering even at cryogenic
temperatures.28,29 This does not introduce a theoretical
difficulty because the relationship τs = (F )
2τp/(∆SO)
2
for EY scattering in SLG has been shown to hold for a
wide variety of scattering sources including weak scat-
terers, strong scatterers (i.e. vacancies), CI scatterers,
and clusters.17 Lastly, we note that the gate dependent
resistance curves exhibited no measurable change as a
function of time in between Mg depositions.
We now turn to the effect on spin relaxation in SLG
by Mg doping. After each Mg deposition at 1 s intervals,
Hanle spin precession measurements were performed for
n = ±1.44 × 1012 cm−2. The resulting fits to the Hanle
curves yield values for τs and D which are plotted against
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Fig. 3. (a) Hanle spin lifetime for sample A plotted against Mg coverage. Inset is the diffusion 
constant obtained from the Hanle fit as a function of Mg coverage at T=12 K. (b) Hanle spin 
lifetime for sample A plotted against the calculated momentum scattering times for each doping. 
(c) Electron (purple) and hole (blue) mobility as a function of Mg coverage for sample B at T=12 
K. (d) Hanle spin lifetime for sample B plotted against the calculated momentum scattering 
times. 
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FIG. 3. (a) Hanle spin lifetime for sample A plotted against
Mg coverage for electrons (red/grey) and holes (black). Inset
is the diffusion coefficient obtained from the Hanle fit as a
function of Mg coverage at T=12 K. (b) Hanle spin lifetime for
sample A plotted against the calculated momentum scattering
times for each doping for both electrons (red/grey) and holes
(black). (c) Electron (blue/grey) and hole (black) mobility
as a function of Mg coverage for sample B at T=12 K. (d)
Hanle spin lifetime for sample B plotted against the calculated
momentum scattering times.
Mg doping time in Figure 3a and 3a inset, respectively.
The diffusion coefficient decreases with increasing Mg
coverage starting at 0.058 m2/s (0.038 m2/s) for pristine
graphe e a d decreases to 0.021 m2/s (0.033 m2/s) for 7
s doping time for electrons (holes). This is in agreement
with the observed charge transport behavior for which
momentum scattering increases with Mg doping. Inter-
estingly, the spin lifetimes (Fig. 3a) show minimal varia-
tion, without a significant trend for electrons and holes.
In Figure 3b we plot the Hanle spin lifetime for sam-
ple A against the momentum scattering time calculated
from the conductivity using equation (2) from Boltzmann
transport theory for sample A. With increasing Mg dop-
ing, τp decreases from ∼ 35 fs to ∼ 20 fs, but the spin
relaxation time is constant for holes (black squares) while
decreasing only slightly for electrons (red/grey squares).
This experiment was repeated on several samples and
in general τs does not display any substantial variations
as a function of τp. For instance, results for a sample
with higher initial mobility (sample B) are summarized in
Fig. 3c and 3d. Figure 3c displays the change in mobility
for electrons and holes under Mg doping. For sample B,
the mobility decreases from 4415 cm2/Vs (3200 cm2/Vs)
for the pristine spin valve to 598 cm2/Vs (1290 cm2/Vs)
after 7 s Mg doping for electrons (holes). In Fig. 3d,
we show τs displayed against the momentum scattering
times for sample B at n = ±1.44 × 1012 cm−2. Here,
τs is near 800 ps and stays relatively unchanged as τp
decreases from ∼ 60 fs to ∼ 24 fs.
4As Fig. 3b and 3d show, τs does not vary substantially
as τp is varied by CI scattering. This is in agreement
with and goes beyond recent reports on CI scattering by
organic-ligand bound nanoparticles, which are able to re-
versibly tune the mobility and momentum scattering.33
Due to the relatively large size (∼ 13 nm, which is over 50
lattice constants) of the nanoparticles used in that study,
it is not possible to draw conclusions for atomic-scale CI
scatterers such as surface adatoms and impurities in the
SiO2 substrate. In contrast, Mg adsorbates are able to
probe the atomic-scale regime. With the agreement be-
tween two quite different experiments (Mg adsorbates de-
posited in UHV and organic-ligand bound nanoparticles
deposited by drop casting) probing different length scales
of the scattering potential, it is clear that spin relaxation
in graphene is not determined by CI scattering despite
its importance for momentum scattering.
It is also worth mentioning that this result is not in-
compatible with the early experiments showing a lin-
ear relation between τs and D by tuning the carrier
concentration.15,22 While Mg adsorbates modify τp by
introducing CI scattering and possibly local Rashba SO
coupling, there are many alternative sources which might
contribute to EY (i.e. weak scatterers, resonant scatter-
ing, phonon scattering) which could still present them-
selves as the carrier concentration is tuned leading to
τs ∼ D. Thus, EY spin relaxation originating from
sources other than CI scattering is still viable.
Some other possibilities to consider are DP spin relax-
ation in spatially inhomogeneous Rashba SO fields. It
has recently been proposed that this type of SO coupling
can result in a competition between EY-like and DP-like
scaling behavior to yield unconventional scaling between
τs and τp.
19 Another possibility is that the spin lifetime
is limited by contact effects such as inhomogeneous stray
fields.34 Due to its atomically thin nature, this could have
a larger effect for graphene compared to semiconductor or
metallic spin transport systems that are typically much
thicker.
In conclusion, we have investigated charge and spin
transport in SLG by systematically introducing CI scat-
terers in the form of Mg adsorbates. The introduction
of Mg was shown to transfer electrons to the SLG and
decrease the momentum scattering time. Despite pro-
nounced changes in momentum scattering, no significant
variation was seen in spin relaxation. This indicates that
CI scattering is not an important source of spin relax-
ation in SLG in the current regime of spin lifetimes (∼1
ns).
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